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MULTIPIIOTON PROCESSES IN SCA’rNHUNG AND IONIZATION
IN AN INTENSE LINEARLY–POLARIZED RADIATION FIELD

BY G. CSANAK+ and L.A. COLLINS
Group T-4, Theoretical Division, Los Alamos National Laboratory

Itos hIllOS, NM 87545, USA
+ University of Tsukuba, Tsukuba, Japan

We have employed the Gavrila-Karninski formulation for the conversion of the
tim~ependent Schrodinger equation to a set of coupled differential equations that
describe the interaction of an electron with a proton in the presence of an intense
linearly-polarized radiation field in the Kramers-Henneberger gauge. The
differential equations are solved numerically by a linear algebraic prescription
effectively applied to electron-molecule collisions. We studied both
electron-proton collisons assisted by the laser field and multiphoton ionization of
H. In the former, we observed the captur~scape resonances while in the latter,
we found evidence of the stabilization mechanism as the intensity reaches 10la
Wfcm?

1. Introduction

The interaction of an intense radiation field with atoms is usually
characterized in terms of the timtiependent(TD) Schrcdin er equation, whose

8solution is complicated by having both spatial and temporal imensions. Gavrila
~d Kimenski( 1984) proposed a procedure for transforming i~ a time-independent
set of coupled differential equations for the Fourier components of the TD
wavefunction in the Kramers-Henneberger auge(Kramers,1956; Henneberger,1968).

LIn its simplest form, the formulation descri s the inter~ction of an electron with
an atomic potential in the presence of a laser field, The technique has been
applied to a wide variety of field+ssisted processes including scattering,
bound-bound transitions, and

b
photoionization Faisal, 1973; Gersten and

Mittleman,1976; Guisti-Suzor and Zoller,1989;
Pont,1989; Pent and Gavrila,1990).

ont ct.al.,1988 and 1990;
The method relics upon only a fcw eneral

t)hypotheses: 1) the dipole approximation! 2) a nonrclativistic treatment, an 3 a
monochromatic radiation field, and within these limitations, provides a completel

lb
C/’encral approach provided that the coupled equations can k efficiently converge .

ost applications to date have dealt with uncoupled systems of equations that
rcprcscnt the high-frequency and high-intensity limit. Such circulations depict
actual physical situations only in very limited circumstances, Several groups have
extended the calculations to ener ctically coupled channcls(l)imrm and Faisal, 1084;

fFranz ct.al.,1990; Martc and Zo lcr,1991) but have rcslr~ctcd the trcntmcnt to
circularly polarized light and to cme-dimcnsicmal modcls(l)hatt ct,al. ,1988). In
addition, Martc and 7mllcr have developed a rnulti<hanncl quantum defect schcmc
for handling the hi hly-excited Rydberg-like channels,

f
I,imiting applications to

circularly polariml ight may impo~c serious restrictions fJII t}w tochniquc duc to
thv Iimitrd coul,ling range and the specialized rcduct,i(jll inht:rt’111 in thu rotnting
framv In (md(v to demonstrate the full Imw(v {~f 111(! tuchni(lllf!, W(l Ilav(!

pcrft)rnlwl Aculati(ms in t hc rmJplcd41aII m’1 fornlul:ilion” ft)r Iinv;lrly -I)idnrizml
light WV rcp4)rt thu fh’rvation of ca~tur(v 4w;IptI rvs(tn:~n(’(’sill tht! srjtltrrin~; of
vlvrtrlms frolil protons” in the prumncu f)f fin inlvnw fI(Il(l. III :l(l(litif~n, w(’
invvstignl(~ thv multiphot(m i(mizati[m of :it[)mic tlyrlr(~~~(vlin I,hr SIllwrint[wsity
r;ul~;[‘ (If Ill) 1(I I(llrn w/( ’111~.



?. Formulation

\Ve dcscribc the interaction of an electron with a proton in the presence of
an oscillating

r
electric field by the time–dcpcndent(’rD) Schrodinger equation in

atomic units au.):

[ ] ‘i%-+V2 + v(r) + Eo. r Cos(d) * (1)

where the Laplacian represents the kinetic energy operator of the electron, V(r)
desi ates the Coulombic interaction -1/ Ir I of the electron with the proton, and
& ~bels the electric field. We have employed the semiclassical construction in
which we treat the particles quantum mechanically and the field classically. In
addition, we revoke the usual dipole approximation. For our purposes, the
validity of th=e conventions and approximations is well established. We
transform to the Kramers– Henneberger gauge[Gavrila and Kaminski,1984], which
we represent schematically by the replacement r + r + dt) with a(t) the
claasical radius vector of the electron under the influence of only the radiation
field. The resulting transformed Schrodinger equation has form

(2)

By choosing A = a sirwt for the vector potential of the radiation field, we
obtain,

a(t) = (a/w) coswt s ~ coswt, (3)

.

hwith the displacement selected along the polar axis %= %Z aud %= EO/w2).
We follow the usual Floquct prescription an represent the wavefunctlo~ =

the product of a ~riodic compmcnt p and a part depending on a quasicncrgy E,

-i Et
@(r,t) = e t7(r,t) . (4)

Wc further expand the pcrioriic i]art in a Fmlritlr series and make a singl~cntcr
expansion of the spatial function as,

4Etr_l ~2 ~:_ir,~ .

) ‘$’ ‘*,/,,*n,,(r)y/,,llln(r)~r,t) = c (5)
Ad A-d

n=.- ~1 t Illn n

with , rcprcscnling the angular cw)rdinatcfi (O,@), 0 the angle hctwvcn fkl nnd r,
Suhtitituting l-hi.(5) int~] (2), multiplying thrt)ugh hy a ripccific Rmricr and nngul;lr
coIIlpoll Mt”

/(A)],,s w,~ll ,,s :,ll~;l(,, W,*(Il,,vl, ,,

,I(l)rl o), (Ii),,



where k,, t = (E -+ nu),

and

with u
H

E Cos(ut), v E Cos e ,
d

and Tk(u [Pk(v)], the Chebyshev[Legendre]
polynomial of order k. e Clebsch ordan coefficients are given by
C(lllZIS~mlmzma), and the channels r = (n,&) are labeled by a Fourier-state
quantum number n and its associated angular momentum qubtu.m number &.
We extract the scattering information by matching the a ‘-ruptotic form of these
radial components to the usual K-matrix conditions from which we also calculate
the S and T matrices. The C.oupled<hannel equations(6 have several important
properties: 1) they are block-diagonal in the azimuth al quantum nu.mber(mn=
inn’= ni); 2) only channels of the same parity [(n + Q, even or odd] couple; 3),
they display a close resemblance to those for electron scattering from a Imar
iomc diatomic molecule. The first property implies that we may solve the
coupled equations independent

i
for each value of m although the Fourier n and

partial wave fn components sti couple. The second condition simplifies the form
of the structure of the equations by forcing certain matrix elements to vanish.
Finally, the last observation has allowed us to bring the full lore of
electron-molcculc collision theory and computations to bear on the intense field
interaction.

In order to SOIVCEq.(6) numerically, wc invoke the clos~ coupling
approximate ion by which we truncate the expansion at a finite number of
channels, N. In the inner region (r ~ crO), wc convert Eq,(6) to a set of coupled
integral equations and determine a solution by means of a linear algebraic
prcscription(Collins and Schncidcr,1081; Schncidcr and Collins,1980). In the outer
region, wc employ an Ii-matrix propagation schcmc( Light and Walker, 1076) to
extcmi the solution into the asymptotic regime. Wc have utilized the LA method
to dcrnonst rate t tic vcrsatilit y of our approach. As h,as been shown for clectrcn--
molccule collisions, the I,A tcchniquc can handle rnulti-electron systems, nonlocal
effects such M uxchangc and correlation, and t hc usc of diffurcnt gauqcs in various
~patial rcgimcs( Ilurkc ct -al., i!l!l1). The analogy bet wccn t hc scattcrl n~ cquationti
in the Kll gauge and those for rlcctronrnolcculc collisions can he carrmd furthrw.
‘1’hc intcrnurkmr distance Lmtwccn molecular atoms closely corrcs~x)nds to the
difiplaccrncnt w, that rcprcs[mtri t hc separation of cffccti vc “chargm. !1 ‘1’hc mr)rc
cxtcndml this separation, the larger the hasiri nccdud to span the region. Wc
have easily trt’atwl displacmrwnts of H lmhr on s~ll)(~rc~)lll;)llt(~rssuch arr a (~ltAY
Y-Ml’ with sill!:lv tiynlmutri~’s rw~uiring a fuw rninuti!s (A cuutral pmcuss time
( )n fllrlhvr I){lin t stl(wl(l IN’ (Idinvatvd, wv rvcdl t})d thv (Iisploc(wwtll dt’pwlds on
ttl~’ r;tlll) l~f Ill{’ iilt~’nsity 10 tht’ squ;~r(: of th~’ fr(vlu[’nry. ‘1’hf’r~’f(m’, for :1 fix(xl
r~,,, wv fin~l l!I:II lhf ’ lli~;h~’r th~’ frmlmvl(’y d, thv l:lr~;(’r 111[’ (“orr(’sl)~}rl(lillg intt’nsity
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qumlt.itics with wdicr Irlolmlllar<olll$ioll programs(collins ct.al.,1986). Wc ha.vc
in all cases sedulously clwckcd the convcrgmrce of the scattering quantities as a
[unction of the number of channc]s(n,t), the number of mesh points, and the
matching radius, :Jushing the conv~rgcncc to better than a few pcr cent. For the
parameters considcrcd, we genera.lly found that at least a ninc+tate(n$ 14I) CC
calculation was required with three to four(l < 5 or 7) partial waves for each
stale.

Fig. 1
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3. Ibmlta and Discussion

a) Electron-Proton Ckilisions in a Field
Many interesting phenomena arise when a laser field is introducr~l into

tho scatterin process.
f

If wc examine the cross section or T-matrix clcmvnts for
c- +. H‘ CO1isons, in the abscncc of an cxtcrrral field, we find a rather mundarw
functional form without any structural features. lIowcvcr, on allowing tht! fit!lri to
participate in the scattering, wc observe a number of rcsonancc signatures. Thwx!
capturc+cwapc resonanccsl

I

which had been prcdictml for circularly polarized
light Franz ct.al.,1990; Martc and Zolh!r, 1091], arise form the electron (!mitting :1.
spcci Ic numlx!r of photms, Im.onli ng tt!mporarily tra JPcd in mitt of the I)olinfl
st at(!s, and th(!n absorbing N (!quivalcut number o/ photons 10 es(:mp(~. As
indicated in Fig. I, wc idsf) find t hfw! resonances for linc~rly-lx)lariz (’(1 Iii; ht ( ( !idlillh
ml [%anak, 199I) wh(!;l t Iw cnt’rl;y di ff~!rm~ct!b(!twccn lhc electron find n phot(ms
:Lpproximatel

{
~!quals th(! I)inding cucrgy d a bound state. W(! tlisl~l:ly 111(*

magnitude o the cl{astic rwatt~!ring ‘1’-matrix clcmcnt[(0,2) + (0,2)] as 1 functioil
~)f the quasicncrgy for MI (!k!ctric fit!ld It,, of (),02 ()7au(l= 1,5x 1(II3 W’/rlII2) all(l w

(rrqucncy of w .0.27 tl:~rtr~’(’s(’l,:{!i(!V) with nl (1 an(i CVCI}parit y[m, ().’A+Iholll]

‘1’IIu h)wust pmk C{)I ml~(~[l(ls t(} th~’ two l)t)oton” r:lt)turc into thv ~:r[~llll~l Is SI~IIII

~Jf II. I“ri)lll simpl~’ vm’rj:y CI)HStII v;llioll ;lr~;lllll(ll~ts, w(’ uxlhn’t(’11 1111’l~(l:llll{jll I( I
1){’ (), ()4h IIIIW’W1, ~IIIf ~ll~Iv~III Sl, HhI (:( ~ (I:llt’ul:ltion Id;lc[’s 111~’ 11%11111111’~’ ;!! ;I
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10 I!il:!it:r t.nmgies thaIi cxpectcd from pure energy conservation considcriltions,
indicating the strong interaction among the variolls channels. ‘l’his series, of
course, converges tO the ionization limit at ().27tl and forms an ideal candidate for
a MCQI) approach suggested by Marte and lZoller(1991). We have found two
intercsiing trends. If we fix the frequency and increase the intensity, we observe
the resonance position moves to lower energies and the width broadens.
Conversely, if we set the intensity and increase the frequency, we note a dccrcase
in width and upward shift in the position. These observations apply only to
regimes governed by the same order of multiphoton process. For emrnple, by
increasing the intensity, we eventually encounter a situation in which the sum of

lel
the quiver(EOZ 4w2 and binding energies exceeds the photon ener y(nti). In order
to promote t e iectron into the field, we must invoke a hig er+mder photon
process(n+l). For this sitnation, the trends may be interrupted or reversed
depending on the strength of the coupling.

b) Multiphotcm Ionization of Hydrogen
We have also performed calculations of the ionization rates for the

multi photon ionization from atomic hydrogen. We identify the ionization rate
with the width Of the racmance corresponding

\
to the desired initial state, which

is permitted if the photon energy is signi cantly larger than the ionization
potential(lllber and Zoller,1988; K rola, 1986). We determine the width from a

[flrmof the eigenphase sum as a unction of qaasienergy using the Breit-Wigner
For various frequencies and intensities, ran ing from 101~ to 1018 W/crn~,

we obtain excellent agreement with other #jloquet Pent et.al.,1991) and
TD(Kulander,1987; Dorr et.al.,1991 calculations for groun #ate ionization. As a

Irepresentative calculation, we exp ore the superintense regime for singl~photon
ionization(w = l.au) for Ef(ls). In Fi .

8
2, we display the ionization rate as a

function of intensity for an 154ate C . calculations with five partial waves per
state(N=75). We find that as the intensity increases, the rate at first follows
suit. However, eventually the rate turns over and decreaaes for a superintense
field. This characterizes the “stabilization” or ionization suppression case(Su and
Eberly,1991; M.Dorr et.al,,1991; Kulandcr ct,al.,1~~1) seen in TD and Floquet
models. The electron becomes partially trapped near the nucleus at the higher
intensities thus lowering the probability of cscapc. Wc compare against TD
calclllatifJrls(Klllandcr et.al.,1991), rcprcsentcd by the open circles, and find
cxcdlcnt agreement at the very high field strw~gt.hs. Around the rate maximum,
the agrccrncnt is poorer possibly duc to grc,alcr sc;]sitivity to the manner in which
the field is ramped.

10’‘
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.

4. Summary
We have extended the approach of Gavrila and Kaminski to the SOIUIion of

the Schrodinger equation in the Kramcrs-Henneberger gauge for elect ron–proton
scattering and photoionization in an intense Iinearlyj.mkrized radiation field using
a Floquet-Fourier expansion and solving the resulting set of coupled differential
equations. We observe the on= and two-photon capture-escape resonances and
examined their behavior as a function of field strength. In addition, we find
evidence of the ionization suppression mechanism for very high intensities.

We wish to acknowledge useful discussions with Dr. A.L.Mcrts and Dr. P.
Milonti. Work performed under the auspices of the U.S. Department of Energy
through the Theoretical Division of the LCJSAlamos National Laboratory.
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